Successful doping of single layer transition metal dichalcogenides (TMDs) remains a formidable barrier to their incorporation into a range of technologies. We use density functional theory within the generalized gradient approximation to assess the possibility of substitutional doping the metal and chalcogen sites in molybdenum and tungsten disulfide as well as diselenide against a large fraction of the periodic table. An automated analysis of the energetics, atomic and electronic structure of thousands of calculations results in insightful trends across the periodic table and points out promising dopants to be pursued experimentally. The automated analysis of the electronic structure is able to capture and graphically represent subtleties in the electronic structure of doped TMDs including the presence of gap states and the results are in good agreement with the limited experimental data available. Beyond previously studied cases, our predictions suggest promising candidates for p-type doping and reveal interesting physics behind the doping of the metal site. Doping with early transition metals (TMs) leads to tensile strain and a significant reduction in the bandgap. The bandgap increases and strain is reduced as the d-states are filled into the mid TMs; these trends reverse are we move into the late TMs. Thus, strain and bandgaps are dominated by the nonmonotonous variation in atomic radius of the series. Additionally, the Fermi energy increases monotonously as the d-shell is filled from the early to mid TMs and we observe few to no gap states indicating the possibility of both n-(early TMs) and p-(mid TMs) type doping.
Keywords: transition metal dichalcogenides, substitutional doping, density functional theory, high-throughput, carrier concentration Transition metal dichalcogenides (TMDs) are among the most promising candidates to replace silicon in next-generation, ultrascaled nanomaterials for electronics. As key to their success, two-dimensional TMDs possess a wide range of chemical compositions, phases, as well as layer-dependent electronic properties [1] . Breakthroughs in synthesis have enabled a variety of nanodevices [2] including field-effect transistors [3] , memories [4] , and sensors [5] ; even an entire electronic circuit has been proposed based on TMDs and graphene [6] . However, despite the significant promise of TMDs for electronic applications, surpassing silicon-based devices in performance and reliability is challenging and will require progress on several fronts; doping is key among them.
As in bulk semiconductors, controlled doping levels and charge carrier concentrations in single layer TMDs is critical to enable digital electronics. Two major doping strategies have been pursued theoretically and experimentally: chemical and substitutional doping. Chemical doping consists of the adsorption of atoms or molecules on the surface of the TMD leading to the alteration of its electronic structure as a consequence of surface charge transfer. Javey and coworkers have pioneered this approach and demonstrated p-type conduction in NO 2 doped WSe 2 field effect transistors. The chemisorption of NO 2 acts as surface electron "pumps" and not only affects carrier density but also dramatically lowers the contact resistance with various metals [7] . The second approach, substitutional doping of transition metals (TM) and chalcogen atoms in TMDs has also been recently demonstrated experimentally. For example, p-type conduction has been measured in MoS 2 by substituting Mo with Nb [8] or S with N [9] while strong n-type conduction has been reported when S is substituted by Cl [10] . These doping effects are consistent with simple models based on the change in the total number of electrons in the compound by selecting a dopant having one more or one less electron in its valence shell than the substituted atom. This has been confirmed from first principle calculations showing the Fermi level shifting of chalcogen substituted TMDs with halogen and group V elements [11] as well as TM substitution with Nb [12] . Interestingly, substitutional doping can induce strain to the lattice of TMDs [9] , and recent calculations indicate that phase transition can occur upon doping [13] . Despite recent progress, defects and the location of conduction and valance bands results in intrinsic doping of TMDs that is difficult to compensate for [8] . We note that recent research suggests the possibility of healing these defects via oxygen passivation [14] ; resulting in substitutional doping.
Substitutional doping has been studied via electronic structure calculations; yet previous studies are limited in the number of substituents studied [12, 15, 16] and there is a need to identify doping trends across the periodic table and across the chemistry of TMDs. We believe such knowledge will contribute to the development of more efficient doping strategies, especially for p-type. In this study, we use density functional theory (DFT) in a high-throughput approach to characterize the energetics, atomic structure and electronic properties resulting from the substitutional doping of the TM and chalcogen sites in Mo and W disulfides and diselenides with every atom in the periodic table. In addition to the known dopants, our calculations show that B, Ge and Sn substitution of the chalcogen atom is promising for p-doping, so is the substitution of Mo by Ti, Zr, Si, Ge, Sn and B elements. N-type doping is more challenging and besides the previously studied dopants we find that V and Nb substitution of the chalcogen atom and Tc doping of Mo show significant promise.
Simulation details. DFT calculations were performed with the SeqQuest package developed at Sandia National Laboratories [17] within the generalized gradient approximation proposed by Perdew, Burke, and Ernzerhof (PBE) [18] . Supercells consist of monolayer TMDs taken in their ground state trigonal prismatic (H-phase) replicated 4×4 times along the in-plane lattice directions, leading to ∼2 % doping concentration when a single atom is substituted. The robust Broyden atomic and cell relaxation algorithm [19] implemented in SeqQuest is key to our methodology, as we found high success rate in the structural relaxations with the simulation achieving the convergence criteria within a relatively small number of steps. Moreover, SeqQuest automatically and exactly eliminates dipole interactions between periodic slab images using the local moment counter charge method [20] . All structures were fully relaxed including lattice parameters and ionic positions until energies, forces and pressure reach values of 0.004 eV, 0.08 eV/Å and 0.2 N/m 2 , respectively. A 2×2×1 k-grid was used for integrals in reciprocal space in all simulations. In order to include potential magnetic effects, each doped TMD has been relaxed at various spin states up to 3 (corresponding to spin polarizations 1 to 6). We performed simulations on 4 types of TMDs, including 2 subtitutional sites and 6 spin states and we tested 54 dopants for a total of 2592 simulations. Additionally, we verified that each ground state structure was trigonal prismatic (H-phase) by comparing its energy to the corresponding distorted octahedral structure, often called T' [13] . We also analyzed the final relaxed atomic structures to corroborate whether the substitutional atom remained within the single layer TMD; we found that alkali metals and noble gas do not interact strongly with the host TMD when chalcogen substituted and the final, relaxed position is severalÅ away from the surface of the monolayer (see Figure S1 ). Therefore, we will not consider these cases in the following analysis.
We computed the formation energy of each doped TMD as:
the total energy of the doped TMD in its lowest energy spin state, E [M X2] T OT the total energy of the pristine TMD, µ sub and µ D the chemical potentials of the substituted atom and the dopant, respectively. These chemical potentials depend on the experimental conditions. We considered two limits for the chemical potential of the substituted atom. In metal-rich conditions, the chemical potential of the metal is set by its ground state crystal structure {µ M −rich M = µ 0 M } and the chalcogen is derived assuming equilibrium with the TMD {µ
per formula unit and µ In order to graphically showcase trends in the electronic structure across the entire periodic table, we developed an algorithm to automatically analyze the electronic density of state (DoS) and extract conduction and valence band edges, Fermi energy and defects within the bandgap. The method starts from a DoS obtained from Kohn-Sham eigenvalues with a gaussian smearing of 0.05 eV. The key steps are summarized as follows:
(i) Starting from the Fermi energy (E F ; evaluated by the DFT code from standard population analysis) we define an energy range [E F − δ,E F + δ] that extends well into the valence and conduction bands. The energy parameter should satisfy: δ > E BG with E BG , the bandgap energy. For our PBE calculations, we choose the value δ = 2.0 eV.
(ii) The DoS is scanned as a function of energy from both ends toward the Fermi energy and the band edges are defined when the density becomes less than a threshold energy E thr (discussed below). For spin-polarized calculations, we consider the averaged spin up and down densities.
(iii) In order to identify defects within the bandgap, the range of energies between the conduction and valence band edges is scanned for densities larger than E thr . For a better detection of defect states in spin-polarized calculations, both spin channels defects are considered.
For validation purpose, we generated all DoS plots and performed a careful comparison with the automated band edge plot. We provide plots of the projected DoS in the Supplementary Material. Our calculations show the best resolution, including the location of band edges and defects with E thr =0.5 eV −1 . Moreover, we performed additional simulations with the state-of-the-art HSE06 hybrid functional [21] . We evaluated the uncertainties related to lattice parameter and formation energy to be negligible while we found approximately 20% underestimation of bandgaps, consistent with other study [16] . From the analysis of the electronic structure we noticed that defect states calculated with HSE appear slightly shifted in energy compared to their PBE counterpart resulting in larger energy splitting between defect states in different spin states (see Section S3.1). Finally, we also show Section S3.2 of the Supplementary Material that our PBE formation energies are in good agreement with previous work.
Strain and energetics of doping. Figures 1 and 2 show the formation energy of substituted MoS 2 and MoSe 2 calculated in metal-(M-rich: 1a) and chalcogen-rich (X-rich: 1b) conditions as well as the corresponding in-plane strain induced to the lattice, respectively. The figures corresponding to WS 2 and WSe 2 are reported in the Supplementary Material, Figure S2 and S3. Mrich conditions lead to a higher chemical potential for the chalcogen and, consequently, favor substitutional doping of the chalcogen site. Conversely, X-rich conditions favor TM substitutions.
Substitutional doping of Mo (or W) atom with TMs is predicted to be energetically feasible. The formation energies are relatively constant for early TMs and negative in X-rich conditions and increase from mid to late TMs. The associated strain is tensile for early TMs and decreases as we move into the mid TMs; the strain increases again as the d-shell is completed. The induced strain by the TMs and formation energy both follow the non-monotonous trend of atomic radius. In addition to TMs, the predicted energetics show that Mo (and W) could be substituted by other metals and semiconductors except for first row elements (B → F). We attribute this effect to their localized 2p electrons being unable to make chemical bonds with the host TMD. Moreover, we found no correlation between Mulliken charges on the substituent and the corresponding formation energies, ruling out significant ionic interactions.
Substitutional doping of the chalcogen atom with other chalcogens as well as group V elements and halogens is predicted to be favorable. For group V, VI, and VII elements, formation energies increase as we move down in the periodic table. This is consistent with the recent demonstration of plasma doping of MoS 2 with N [9] . The formation energies associated with doping the chalcogen site with group III and IV elements are rather constant. The overall strain induced to the lattice by chalcogen doping is slightly compressive, and constant over the entire range of substituents. Finally, we found almost no difference between the energetics and strain of molybdenum and tungsten dichalcogenides. We note that negative formation energies are not required for doping to be possible since experimental conditions during synthesis can change the chemical potentials of the elements and, consequently, the formation energies. Here we assume that the TMD is isolated and doping occurs between a free-standing sheet and the dopant element taken in its standard conditions. Doping has been reported in various phases; liquid [10] , gas [8] and recently plasma [9] , conditions that would strongly affect the chemical potential of the dopant. Additionally, it has been demonstrated that the interaction between the TMD and its substrate also plays an important role to doping [22] . Therefore, we will consider in the following potential dopants with formation energies <5 eV.
Electronic structure. Figure 3 shows the conduction band minima (green line) and Fermi energy (red) referenced to the top of the valence band (blue) across the entire set of elements tested. Vertical lines in the bandgap indicate defect states. The figures corresponding to MoSe 2 , WS 2 and WSe 2 are reported in the Supplementary Material, Figure S4 , S5 and S6, respectively. Whether we consider sulfides or selenides, the overall trends including the variation of the bandgap, the Fermi energy and the number of defects are similar. We note however that bandgaps reduce from sulfides to selenides.
We start the discussion with the effect of substitutional doping of the chalco-gen atom to the electronic structure (top panel of Figure 3a) . We found that p-doping can be achieved by incorporation of group V elements in the X-sites, while halogens result in n-type. These results are consistent with prior simulations [12] and we note that our automated analysis captures subtleties in the electronic DoS such as the presence of localized states at the Fermi energy right below the conduction band for halogens (see for example F and I). Moreover, our results are consistent with experimental data of N [9] and Cl [10] Quite interestingly, substitution of the TM leads to significant flexibility both for p-and n-doping. We now focus on the bottom panels of the Figure  3b . The predicted bandgap across the TM family exhibits a maximum for the mid-TMs with reduction into the late and early TMs. This trend can be explained, to a large degree, by the induced strain as tension is known to reduce the bandgap. Thus, the atomic radius of the substituent governs the strain and, as a consequence, the trends in bandgap. The Fermi energy is lowered to the valence band by substitution with early TMs, leading to p-type behavior (Sc, Ti, Zr, V, Nb), which has been already demonstrated experimentally with Nb-doped MoS 2 [8] . As the d-shell is filled, the Fermi energy increases relative to the conduction and valence band edges and we observe a transition from p to n-type doping for mid TMs (Tc, Ru, Rh). Doping with late TMs results in a large number of gap states and, thus, we expect poor transport properties. For example, the substitution of Mo in MoS 2 with Mn creates defects at the Fermi energy, consistent with previous measurements [22] . Compensating defects can have a strong effect on the ability of engineered defects to change electrical characteristics [23, 24] . In our case, the most likely culprits are TM and chalcogen vacancies and anti-site defects (TM on the chalco-gen site and vice versa). We will base the discussion on MoS 2 as a representative material, we expect similar behavior in the other cases. The formation energy of Mo vacancies is high (3.7 eV in S-rich conditions and 7.4 eV in Mo-rich conditions) and, thus, is likely unimportant. A sulfur vacancy, V S , in the neutral state exhibits an empty state about 0.5 eV below the conduction band minima that can trap electrons; thus, limiting n-type doping. Their formation energies (3.2 eV in S-rich conditions and 1.4 eV in Mo-rich conditions) indicate they will be more preponderant that V M o but healing the vacancy with a halogen would reduce the energy and result in n-type doping. Antisite defects are also relatively high in formation energies. The lowest being S in the Mo site under S-rich conditions with a formation energy of 2.6 eV and could be avoided with less S favorable conditions.
Conclusion. We showed that potential candidates for tuning the carrier density in TMDs are not limited to the substitution with elements that belong to neighboring electronic shell than that of the constituents. Our DFT simulations indicate that group III and IV elements should be explored experimentally to substitute chalcogen atoms and various early TMs are promising to replace Mo/W leading to p-type conduction. Interestingly, we predict that a wide range of bandgaps can be achieved by selecting the nature of boron-doped TMDs. Moreover, we predict improved electronic properties of N-doped transition metal diselenides over sulfides owing to a reduction in gap states. Furthermore, we found that the trends in formation energy and bandgaps of Mo-substituted TMDs correlate with the evolution of atomic radius of TM-dopants. We note that our study focus on the electronic properties of doped-TMDs however, we also predict induced magnetism over a large part of the periodic table elements and we summarize their ground state magnetic moments in Figure S7 . Finally, this study can be easily extended to other TMDs, phases and dopants. For example, Er-doped MoS 2 has recently been achieved experimentally giving rise to near-infrared photoluminescence [25] .
